Plasmids p749, pi06, and pl50 contain cDNA inserts complementary to rat skeletal muscle actin mRNA. Nucleotide sequence analysis indicates the f o llowing sequence relationships: p749 specifies codons 171 to 360; pl50 specif i e s codons 357 to 374 together with 120 nucleotides of the 3 1 -non-translated region; pi06 specifies the last actin amino acid codon, the termination codon and the entire 3' non-translated region. Plasmid p749 hybridized with RNA extracted from r a t skeletal muscle, cardiac muscle, smooth (stomach) muscle, and from brain. I t also hybridizes well with RNA extracted from skeletal muscle and brain of dog and chick. Plasmid plO6 hybridized s p e c i f i c a l l y with rat s t r i a t e d muscles (skeletal and cardiac muscle) mRNA but not with mRNA from rat stomach and from rat brain.
INTRODUCTION
The actins, a group of s t r u c t u r a l l y related isoproteins, are among the most abundant proteins in eukaryotic c e l l s . In addition to t h e i r major role in muscle contraction, actins seems to be involved in a l l forms of c e l l and organelle m o t i l i t y (including cytoplasmic streaming, phagocytosis, secretory processes, cell d i v i s i o n , and changes i n cell shape (for review see 1). At least six d i f f e r e n t vertebrate actins each a product of a d i f f e r e n t gene have been i d e n t i f i e d by amino acid sequence analysis: i . e . .skeletal muscle (a actin), cardiac muscle, stomach smooth muscle, aorta smooth muscle, and non-muscle (8 and y) actins (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) . The amino acid sequences of the d i f f e r e n t actins are highly conserved. No differences were found between the amino acid sequences of skeletal muscle actins of several mammals and one bird (14, 15) .
Furthermore, even actins from such diverse sources as rabbit skeletal muscle and Acanthamoeba casteilanii differed in t h e i r amino acid sequences by only 6% (7) . The non muscle, 6 and y actins (often called cytoplasmic actins)
have been considered as the archtype, with smooth muscle and skeletal muscle actin being progressively more differentiated (10, 15) . The actin gene family may provide an excellent model for the study of gene evolution. In addition, since d i f f e r e n t actin genes are expressed in d i f f e r e n t c e l l s , or even in the same c e l l s at d i f f e r e n t stages of d i f f e r e n t i a t i o n , a comparison of the s t r u c ture of the various actin genes may be very helpful in understanding how these genes are controlled. Actin genes from Dictyostelium, yeast and Drosophila have recently been isolated and characterized (16) (17) (18) (19) (20) .
We have previously described the construction of recombinant bacterial plasmids containing rat muscle actin cDNA sequences (21) . One of them contained cDNA sequences which hybridized s p e c i f i c a l l y with skeletal muscle actin mRNA, while several others contained sequences which hybridized to both muscle and non-muscle actin mRNAs. We report here on the characterization of the inserts of three of these plasmids by sequencing and hybridization studies.
This investigation shows that the coding regions of the actin mRNAs are highly conserved whereas the 3' non-coding region of at least some actin mRNAs have diverged considerably in t h e i r nucleotide sequences.
MATERIALS AND METHODS
Isolation of DNA. Plasmid DNA was prepared as previously described (21) .
Rat DNA inserted into the Pst 1 site of plasmid pBR322 during the construction of plasmids p749 and p!06 were isolated as follows: The insert of p749 was prepared by Pst 1 digestion of the plasmid. The cDNA insert of plO6 contained an internal Pst 1 s i t e , and one of the plasmid Pst 1 sites had been lost in the cloning procedure. Hence t h i s i n s e r t was isolated as an Alu 1 fragment which contained approximately 50 base-pairs of pBR sequences on either side. The DNA inserts were p u r i f i e d by agarose gel electrophoresis and electroelution.
Preparation of sinole-stranded probes. Single-stranded probes were prepared as suggested by Schwartz et a l . (22) . The DNA inserts of plasmid plO6 and plasmid p749 were labelled by nick-translation to a specific a c t i v i t y of approximately 2x10 cpm/yg (23) . 5x10 cpm of nick-translated DNA were boiled for 5 minutes and added to 1 ml of solution containing 80% formamide, 0.5M NaCl, 0.05M PIPES pH 7.8, and 600 yg of rat muscle poly(A)+ RNA. The sample was heated to 52° and then cooled at 15 minute intervals to 50°, 48°, 46°, and 43°. The sample was diluted 20-fold in a solution containing 0.3M NaCl, 0.03M CH 3 C00Na and 0.003M ZnS0 4 . SI nuclease (17,000 units Miles) was added, and the mixture was incubated for one hour at 37°. The single-stranded probe was then p u r i f i e d by phenol extraction, alkaline hydrolysis and Sephadex G-50 chromatography. The f i n a l product contained approximately 25% of the i n i t i a l counts in the nick-translated DNA.
Preparation of mRNA, b l o t t i n g on DBM paper and hybridization. RNA was prepared from animal tissues by the urea-lithium-chloride method described by Auffray et a l . (24) . The poly(A)+ RNA was prepared by oligo(dT)-cellulose chromatography. The mRNA was fractionated on 1% agarose slab gels containing 7.5 mM methyl mercuric hydroxide according to Bailey and Davidson (25) . The fractionated RNA was transferred to diazobenzyloxymethyl (DBM) paper according to Alwine et a l . (26) except that the buffer was sodium acetate pH 4. After the transfer the RNA was hybridized to the nick-translated (23) DNA probes as described by Alwine et a l . (27) .
Hybridization in solution. The hybridization in solution was done as previously described (28) .
Sequencing of recombinant DNA. End labelled DNA fragments were sequenced as described by Maxam and Gilbert (29) . The DNA fragments were labelled e i ther at 5' ends by polynucleotide kinase and P-y-dATP or at 3 1 ends by f i ll i n g in protruding r e s t r i c t i o n sites with DNA polymerase n-Klenow, using two 32 or three P-a-deoxynucleotide triphosphates.
A l l experiments were performed under P3EK2 containment and in accordance with the NIH guidelines for recombinant DNA work.
RESULTS

Plasmid p!06 Contains the Entire Untranslated Region of a Actin mRNA
The construction of recombinant plasmids containing cONA inserts which hybridized with actin mRNA was described e a r l i e r (21) . Three plasmids were further characterized by sequence analysis. The alignment of the cDNA inserts of plasmids p749 and pl50 with actin mRNA was made by comparing the amino acid sequences deduced from the nucleotide sequences of p749 and pl50 with the known amino acid sequence of actin. The number of the nucleotides in the translated region was calculated from the actin amino acid sequence (14) . The number of nucleotides in the 3' non coding region was determined from the sequence of plO6 insert ( f i g . 2). The length of the 5' untranslated region is unknown. U.T. = untranslated; Nuc. = nucleotides.
was made by comparing their nucleotide sequences (Fig. 2) . The insert of plasmid plO6 was completely sequenced (Fig. 2) . The insert starts with a nucleotide triplet coding for phenylalanine (actin C-terminal residue), followed by a translation termination codon (TAG). I t contains 240 nucleotides of the 3 1 non-coding region, and 42 residues of the poly(A) t a i l .
21 nucleotides before the poly(A) there is a sequence ATTAAA which differs by one base from the common sequence AATAAA which probably serves as a signal for polyadenylation of eukaryotic mRNAs (30) . The sequence ATTAAA was also found in one of the a amylase genes (31) . I t can also be seen that the 5' half of plasmid pi06 insert is G-C rich while the 3' half of the insert is A-T rich. The insert contains many repeated and homologous sequences. The insert of plasmid pl50 overlaps parts of the inserts of both plasmids p749 and pl06. The f i r s t 12 nucleotides of the insert of this plasmid (codons 357-360) are identical to the last 12 nucleotides of p749 (Fig. 2) . The sequence of pl50 insert contains the information for the last 18 residues of actin, including the codon for threonine at position 357 which is specific for skeletal muscle actin and a codon for alanine at position 364 which is serine in cytoplasmic actins (10) . pl50 insert extends 120 base pairs into the 3 1 non-coding region of the mRNA (Fig. 2) . From these overlaps, we conclude that plasmid plO6 contains the entire 3' non-coding end of skeletal muscle actin mRNA. p!06 Hybridizes Selectively to Striated Muscle Actin mRNA There are 25 amino acid differences between the sequences of skeletal muscle and non-muscle (6 and y) actins. Between skeletal and cardiac muscle actins there are 4 amino acid differences and 6-8 between skeletal and smooth muscle actins (14) . In an earlier study we tested the hybridization of several plasmids v/ith mRNA isolated from rat skeletal muscle and brain. We showed that plasmid plO6 hybridized specifically to rat skeletal muscle mRNA which directed in a cell-free translation system the synthesis of a polypeptide with the properties of a actin. This mRNA had an estimated size of 1650 nucleotides. It was found in large amounts in RNA prepared from skeletal muscles and from differentiated myogenic cultures but not in RNA isolated from p r o l iferating myoblasts or from the brain. Plasmid p749 hybridized to RNA with the same properties but also to RNA of a size of about 2200 nucieotides. The l a t t e r RNA was found in sizeable amounts in p r o l i f e r a t i n g myoblasts and in brain. I t directed in a cell free system the synthesis of 6 and y actins (21) .
In the present study we compared the nucleotide sequence homology of the various muscle actin mRNAs by hybridization with probes derived from the coding parts of the actin mRNA (p749) and from the non-coding 3' end of the mRNA (p106). The extent of homology between the various actin mRNAs and the two probes was measured using two techniques: (1) The s t a b i l i t y of the hybrids at high temperatures; (2) The sensitivity of the hybrids to SI endonuclease digestion.
1. To test the thermal s t a b i l i t y of the hybrids, rat skeletal muscle, cardiac muscle and smooth (stomach) muscle poly(A)-containing RNA preparations were fractionated on an agarose gel containing methyl mercuric hydroxide, transferred to DBM paper, and hybridized to nick-translated plasmids p749 or plO6.
The f i l t e r s were then washed for 60 minutes in 0.015M sodium chloride, 0.0015M sodium c i t r a t e (0.1 SSC), and for an additional 15 minutes at the indicated temperatures. As can be seen in Fig. 3A , plasmid p749 hybridized to skeletal muscle and to cardiac muscle mRNAs forming a single band, and to 3 size classes of stomach mRNAs. The hybrid formed between plasmid p749 and heart muscle mRNA was almost as stable at high temperature as the hybrid between p749 and the homologous mRNA (Fig. 3 A-E) . Plasmid pi06 hybridized to skeletal muscle and to heart muscle mRNAs but failed to hybridize to any of the stomach muscle actin mRNAs (Fig. 3F) . The hybrid formed between plasmid pi06 and heart muscle mRNA was almost as stable at high temperature as the hybrid formed between plasmid pl06 and the homologous mRNA (Fig. 3F-J) . The relative intens i t i e s of the bands formed by hybridization between skeletal muscle mRNA and cardiac mRNA with p749 are similar to the hybridization of the same RNA preparations with plO6. Since p749 is expected to hybridize to a l l actin mRNA species, t h i s s i m i l a r i t y suggests that plO6 hybridize to the same mRNA population as does p749 (Fig. 3, see also Fig. 4 ). 50°  60°  65°  70°  80°F ig. 3. Hybridization of p749 and plO6 with RNA extracted from different rat muscle tissues. Polyadenylated RNA prepared from rat skeletal muscle (M), heart muscle (H), and stomach (S) was fractionated on an agarose gel and transferred to DBM paper. The paper was hybridized to nick-translated p749 (A-E) or plO6 (F-J). The f i l t e r s were then washed for 60 minutes in 0.1 SSC at 50°C and for an additional 15' at the indicated temperatures. The following amount of RNA was loaded on the g e l : skeletal muscle, 0.2 yg; heart, 10 yg; and stomach, 30 yg. The blots were autoradiographed for 7 days. stomach mRNA contains small amounts of a fourth actin mRNA species which share sequences with plasmid pi06. Such an mRNA was not detected by the DMB paper hybridization technique.
For the 51 s e n s i t i v i t y experiments
Species Specificity of the Untranslated 3' End Region of Skeletal Muscle Actin mRNA.
In similar experiments we compared the conservation of the coding sequences versus that of the non-coding 3 1 end of skeletal muscle actin mRNA in several mammal s and chick. Plasmid p749 hybridizes to skeletal muscle actin mRNA as well as to brain actin mRNA of the species tested (Fig. 5A) . Skeletal muscle mRNA from chick and dog protected 68% and 73% of the p749 probe, respectively, while the rat mRNA protected 83% of the same probe (Fig. 4A) . Plasmid plO6 hybridized strongly to skeletal muscle mRNA of the three mammal s but not to chick skeletal muscle actin mRNA and not to the brain actin mRNA of mammal s or chick (Fig. 5B ). I t should be noted, however, that the hybrid formed between mRNA from dog skeletal muscle and probe pi06 is SI sensitive, suggesting that the gross homology is b u i l t up from small homologous segments interrupted by non homologous sequences (Fig. 4B ).
DISCUSSION
We have analysed three cDNA-containing recombinant plasmids which to-
Hybridization of plO6 and p749 with skeletal muscle and brain RNA from mammals and chick. Polyadenylated RNA was isolated from skeletal muscle and from the brain of rat (Rt), rabbit (Rb), dog (D), and chick (C). 10 pg RNA samples were fractionated on an agarose g e l , transferred to DBM paper and hybridized to nick-translated plO6 or p749 DNA. The tracks of muscle RNA hybridized with p749 were exposed to the X-ray film for 1 day. The rest were exposed for 3 days. The position of a, 6 and y actin mRNA are indicated at the l e f t margin.
gether account for rat skeletal muscle actin mRNA from codon 171 to the poly(A) region. Plasmid p749, which contains only coding sequences (codons 171-360), hybridized with the mRNAs of heart, stomach, and non-muscle actins as well as with the mRNAs from several mammal s and chick. This is not surprising since all actins have very similar amino acid sequences. On the other hand, plasmid plO6 hybridized only to actin mRNAs from striated muscles (skeletal and cardiac). This specificity must be due to differences in the 3' non-coding regions of actin mRNAs since the cDMA insert of plasmid plO6 starts with the codon for the C-terminal amino acid residue of a actin and contains the entire 3' non-coding region of a actin mRNA. It was recently indicated that the untranslated 3' ends of 6 and y chick actin mRNAs also do not cross hybridize with each other (32) . Skeletal and cardiac muscle diverged from one another long before the evolution of birds and mammals. Mammalian and avian skeletal muscle actins have the same amino acid sequence] whereas mammalian cardiac actin differs from mammalian skeletal muscle actin by four amino acids (14, 15) . In spite of this, the hybridization experiments indicate substantial horology between the 3' untranslated ends of rat skeletal muscle and cardiac actin mRNAs and no homology between the 3 1 untranslated regions of skeletal muscle actin mRNA from rat and chick. Furthermore, liquid hybridization and SI digestion experiments indicate a much better homology between the 3' untranslated region of rat skeletal muscle and rat cardiac actin mRNAs than between the 3 1 end of rat and dog skeletal muscle actin mRNAs (Fig. 4B) . The results presented here, taken at face value, suggest either that the preservation of a similar sequence at the 3' end in the heart and skeletal muscle actins had a selective advantage, or, that the separation between the genes coding for skeletal muscle actin and cardiac actin is a much more recent event than can be anticipated considering the evolution of these tissues and the differences in amino acid sequences. Sequence data on the various actin mRNAs and actin genes will be important in answering questions related to the evolution of actin genes and control of their expression. Specific probes for the various actin mRNAs and genes, such as described here will be very useful in the isolation and identification of these genes.
